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This paper examines the in-flight oxidation of molten aluminum sprayed in air using the twin-wire electric arc 
(TWEA) thermal spray process.  The oxidation reaction of aluminum in air is highly exothermic and is represented 
by a heat generation term in the energy balance.  Aerodynamic shear at the droplet surface:  (1) enhances the 
amount of in-flight oxidation by promoting entrainment and mixing of the surface oxides within the droplet, and (2) 
causes a continuous heat generation effect due to the exothermic oxidation reaction that sustains droplet 
temperature as compared to a droplet without internal circulation.  This continual source of heat input keeps the 
droplets in a liquid state during flight.  A linear rate law based on the Mott-Cabrera theory was used to estimate the 
growth of the surface oxide layer formed during droplet flight.  An explanation is provided for the elevated, nearly 
constant surface temperature (~ 2000 °C) of the droplets during flight to the substrate and it is shown that the 
majority of oxide content in the coating is produced during flight, rather than after deposition.  The calculated oxide 
volume fraction of an average droplet at impact agrees well with the experimentally determined oxide content for a 
typical TWEA-sprayed aluminum coating, which ranges from 3.3 to 12.7%.   
1 Introduction 
This paper analyzes the oxidation behavior of an 
average in-flight molten aluminum droplet produced by 
the twin-wire electric arc (TWEA) thermal spray 
process.  Measurements of droplet size, velocity, and 
temperature in the spray plume obtained by Hale, et 
al. [1] using in-flight particle pyrometry and laser 
Doppler velocimetry were the basis for the estimating 
fluid and thermal effects.  In addition, pitot tube 
measurements provided information on the velocity of 
the freestream air, which enabled the relative velocity 
between the droplets and the ambient air to be 
calculated.  The fluid dynamic effects cause a toroidal 
flow within the droplet that enhances oxidation, 
resulting in an elevated temperature during droplet 
flight to the substrate and an increase in the final 
oxidation percentage of a typical coating, as compared 
to a droplet without internal circulation.  The results 
from this analysis correlate with the experimental data 
for in-flight droplet temperature [1] and for coating 
oxide content [2]. 
2 Aluminum Oxidation Reaction 
Aluminum is a reactive metal with a strong affinity for 
oxygen [3].  The oxidation of aluminum in air is 
governed by the following equation [4]: 
2Al + 1.5O2 = Al2O3 –1675.7 kJ. 
The reaction is highly exothermic, and the small 
droplet sizes offer a large surface area to volume ratio 
available for oxidation.  In this paper, it will be shown 
that high droplet temperatures are sustained due to 
the continuous oxidation reaction.  Inflight particle 
pyrometry data shows that the centerline droplet 
temperature remains fairly constant (around 2000 °C) 
during droplet flight [1].  At this temperature, the 
droplets are in a liquid state.  In-flight oxidation of the 
aluminum droplets is accompanied by two effects: (1) 
a fluid dynamic effect, which promotes entrainment 
and mixing of the surface oxides within the droplet, 
and (2) a heat transfer effect due to the exothermic 
oxidation reaction, which causes an increase in droplet 
temperature over that of a rigid sphere (i.e., a droplet 
without internal circulation).   
3 Fluid Dynamic Effect 
It is well known that aerodynamic shear induces 
internal circulation in droplets, such as fuel sprays and 
raindrops [5].  The resulting convective effect within a 
liquid droplet, also known as Hill’s spherical vortex, 
was described over a century ago [6].  LeClair et al. [7] 
observed flow patterns within a water droplet falling at 
terminal velocity in air by experiments performed in a 
wind tunnel where the water droplets were seeded 
with carbon or aluminum tracer particles and the 
internal circulation was recorded using streak 
photography.  More recently, Melton [8] has used 
droplet exciplex (e.g., excited complex) fluorescence 
to experimentally verify internal circulation in liquid 
droplets.  The existence of such phenomena in 
droplets produced by thermal spray processes was 
suggested by Neiser, et al. [9].  The presence of a 
two-dimensional toroidal flow field within the molten 
droplets is stimulated by shear forces due to the high-
velocity gas flow around the droplets, Figure 1.
This liquid motion continually sweeps fresh fluid to the 
surface of the droplet where it is available for 
oxidation.  The oxide that forms at the droplet surface 
is entrained into the particle and mixed with the liquid 
aluminum by convective motion within the droplet. The 
internal circulation of the in-flight molten aluminum 
droplets in the TWEA spray process affects the 
amount of oxides in the droplets, and as a result, the 
as-sprayed coating.   
Using the experimental data produced by Hale, et al. 
[1], a 39 Pm aluminum droplet traveling through 
ambient air (T=25 °C) at a relative velocity of 140 m/s 
with a constant temperature of 2000 °C was used to 
represent a “typical”  droplet in the spray plume.  By 
scaling the data generated by LeClair et al. [7] to the 
correct viscosity ratio, relative velocity, and Reynolds 
number for the liquid aluminum/air system, an average 
internal circulation velocity, v , of 8.4 m/s is obtained 
for this “typical”  droplet.  The relative velocity between 
the droplets and the air in the spray plume is depicted 
in Figure 2. 
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Figure 1. Internal circulation within a fully molten 
droplet caused by shear forces from the high-velocity 
airflow around the droplet. 
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Figure 2.  Comparison of droplet and air velocities 
along spray plume centerline [1]. 
4 Heat Generation Effect 
The energy balance at the surface of the in-flight 
droplet is given by the following equation representing 
conservation of energy for a control volume: 
Ơg - Ơout = Ơst (1) 
where Ơg is the rate of energy generation within the 
control volume, Ơout is the rate of energy leaving the 
system through the control volume, and Ơst is the rate 
of energy storage within the control volume. 
Neglecting the latent heat release due to the 
solidification of aluminum oxide particles, the energy 
generation term can be represented as  
fg HmE   
where Hf is the heat of formation of aluminum oxide, 
and the mass flow rate supplied to the oxidation 
reaction due to internal circulation, m , can be 
represented as 
³  oxAl dAdt
dm GU
In Equation 2, UAl is the density of molten aluminum, 
dt
dG
 is the rate of growth of the oxide layer, and dAox is 
the incremental oxidation area of the spherical droplet.  
A linear rate law based on the Mott-Cabrera theory 
was used to estimate the rate of growth of the surface 
oxide layer during droplet flight [10; 11]: 
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where the oxidation equation constants for aluminum 
are given by Dai et al. [10] as 
A0=2.5(10)
6 Å/s 
Q=1.6 eV 
ke=0.139 eV/torr 
kb (Boltzman constant)=1.38(10)-23 J/K 
and the experimental conditions yielded a droplet 
temperature, Td, of 2273K and an oxygen partial 
pressure, PO2, of 134 torr (at a laboratory altitude of 
1371.6 m above sea level). 
An expression for the oxidation area as a function of 
droplet radius, R, and average internal circulation 
velocity can be obtained.  The droplet surface area 
that oxidizes is that of a spherical cap [12] 
³ 
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where h is the length of the spherical cap, as shown in 
Figure 3.   
Figure 3.  Graphical representation of spherical cap 
oxidation area. 
(4)
(3)
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From geometry,  
h=R(1-cosT)
and
R
s T  and tvs  
where s is the wetted length along the droplet surface. 
Integrating Equation 4 yields 
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where A is the surface area of a sphere and tcycle is the 
time for one circulation cycle.  A circulation cycle is 
defined here as the time for an oxide particle to travel 
from the forward stagnation point along the droplet 
surface to the rear stagnation point of the droplet.   
Using this information, the energy generation rate for a 
“typical”  droplet due to the oxidation reaction is 
calculated to be Ơg=0.088 W. 
Newton’s law of cooling is used to estimate the heat 
convected from the molten droplet [13] by the equation 
Ơout=hconvҞA(Td-Tf) җ.
Using the Ranz Marshall correlation evaluated at the 
film temperature [14], the convection heat transfer 
coefficient, hconv, is calculated to be 10345 W/ m
2K
yielding Ơout equal to 0.098 W.  The heat loss from the 
system due to radiation is negligible compared to the 
convective loss.  The rate of energy storage within the 
control volume is given by 
dt
dTcE dpAlst dVU 
where UAl is the density of molten aluminum, cp is the 
specific heat of molten aluminum, Vd is the volume of 
the spherical droplet, and dt
dTd
is the time rate of 
change of temperature of the droplet.  Inserting 
Equation 5 into Equation 1 and rearranging, the rate of 
change of droplet temperature is given by  
dpAl
outgd
Vc
EE
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Since Ơg § Ơout,
0|
dt
dTd
and the droplet temperature remains nearly constant, 
as seen in the experimental measurements. 
When the rate of energy generation, Ơg, is neglected, 
the solution to Equation 6 becomes 
 Td= Tf+(Tdi- Tf)e
-ct (7) 
where Tdi is the initial droplet temperature and  
dpAl
conv
Vc
Ah
c
U
 
The Biot number for this case is «1, indicating that a 
lumped capacitance assumption is valid [13].  Using 
Equation 7 to calculate the transient droplet 
temperature during transport to the substrate closely 
approximates the computational fluid dynamic results 
of Varacalle et al.,1994 [15]. Varacalle et al., 1994 
predicted that the temperature of a 39 µm TWEA-
sprayed aluminum droplet will decrease to 
approximately 950 K from an initial temperature of 
2373 K over a distance of 178 mm from the thermal 
spray gun exit.  As calculated by Equation 7, without 
heat generation the droplet temperature would 
decrease to approximately 1075 K over a distance of 
178 mm from an initial temperature of 2273 K.  Figure 
4 compares the transient temperature profiles of the 
experimental measurements, Varacalle’s results, and 
calculations that neglect the continual heat generation 
term. 
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Figure 4.  Comparison of droplet temperatures along 
spray plume centerline with and without internal heat 
generation. 
If the energy generation term is neglected in the 
surface energy balance equation, the temperature of a 
“typical”  droplet will decrease due to convective 
cooling as it travels to the substrate instead of 
remaining nearly constant, as seen in the 
experimental measurements.  Varacalle et al., 1994 
included the initial heat input from the oxidation of the 
molten aluminum droplets without considering the 
continual generation of heat produced by the oxidation 
reaction coupled with internal circulation within the 
(5)
(6)
=733/s 
for  t<tcycle
molten droplet.  The importance of including the heat 
generation input from the oxidation reaction as a 
continual source term in the energy balance is clearly 
demonstrated. 
5 Calculation of Oxide Content 
The oxide volume fraction for a rigid sphere with an 
oxide shell, Mrigid, can be calculated by 
d
ox
rigid V
V M
where  
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The volume of an oxide shell on the outer surface of a 
sphere, Vox, is given by Shenk [16] 
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From Equation 3, during one circulation cycle, a 
“typical”  droplet will build up a surface oxide layer 
thickness, į, of 39 Å.   
For a droplet with internal circulation, the volume 
fraction, Mcirc, is expressed as 
  
d
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where N is the number of cycles of oxide layer 
entrainment into the droplet.  The “typical”  droplet 
considered here will undergo 127 cycles of oxide 
entrainment. 
Beyond a standoff distance of 130 mm, the relative 
velocity between the particles and the air stream goes 
to zero, as shown in Figure 2, and thus the toroidal 
flow inside of the droplet diminishes.  Adding the oxide 
volume fraction due to the formation of an oxide layer 
on a rigid sphere (x>130 mm) to that formed by the in-
flight mixing mechanism (x130 mm) yields an 
average total oxide volume fraction 
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The oxide volume fraction within a droplet with internal 
circulation, Mtot, is 0.0762 or 7.62%.  The oxide content 
calculated for an average droplet with internal 
circulation correlates well with the experimentally 
determined oxide content in the coatings (3.3 to 
12.7%) [2].   
In contrast, the oxide volume fraction computed for a 
rigid sphere is nearly two orders of magnitude smaller 
than that for a droplet with internal circulation. The 
oxide buildup on the surface of a rigid sphere under 
the same flight conditions is estimated to be 0.00121 
or 0.121%, which is approximately 1.5% of the oxide 
volume fraction for a droplet with internal circulation.  
This calculated value correlates well to the oxygen 
content of 0.116% for atomized aluminum powder 
[17].  The calculated oxide content for a “typical” 
droplet for the cases with and without internal 
circulation are compared to the experimentally 
measured oxide content in Table 1.
Table 1.  Comparison of calculated oxide content with 
and without internal circulation to experimentally 
measured oxide content. 
Oxide 
content 
Calculated without internal 
circulation 
0.121% 
Calculated with internal circulation 7.62 % 
Experimentally measured 3.3 to 12.7% 
From the Mott-Cabrera equation, the rate of growth of 
the oxide layer is highly sensitive to the oxygen 
content of the ambient air.  The oxide content of the 
coating could be increased by performing the spraying 
operations at a lower altitude, where the atmospheric 
pressure (and thus the oxygen partial pressure) is 
higher.  The theoretical maximum oxide content in a 
“typical”  droplet may be calculated assuming that the 
oxide layer thickness reaches a maximum of 79 
angstroms per circulation cycle [17].  The theoretical 
maximum oxide content of a “typical”  droplet is, 
therefore, approximately 15.4%.  This value is nearly 
double the oxide content produced at the laboratory 
elevation of 1371.6 m above sea level in Idaho Falls, 
Idaho, USA.   
6 Summary and Conclusions 
An explanation for the nearly constant droplet 
temperature measured axially along the spray plume 
centerline has been provided by accounting for the 
continual oxidation of molten aluminum due to internal 
circulation within the atomized droplets.  Calculations 
of oxide content in a “typical”  droplet agree with the 
experimentally determined oxide content in a typical 
thermal spray coating.  The analysis performed herein 
shows that internal circulation within the droplet 
increases the oxide content of the droplet by two 
orders of magnitude over that of a droplet without 
internal circulation.  Also, since the rate of aluminum 
oxide growth is highly sensitive to the partial pressure 
of oxygen in the surrounding air, the altitude at which 
the spraying is performed affects the amount of oxide 
produced in the droplet.  It is important to point out that 
both the spray plume experiments and the coatings 
were fabricated at laboratories located in the same 
city, at approximately the same elevation.  This 
enabled a direct comparison of the spray plume data 
and the coating data. 
Future work will build upon the knowledge gained by 
comparing the experimental data to the droplet 
temperature predictions of Varacalle, et al. [15].  A 
more general equation will be developed to account 
for the continual heat generation produced when fresh 
metal is swept to the droplet surface as a result of the 
internal circulation within the droplet. 
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